ABSTRACT In this study, Rockwell and Brinell hardness testing was used to examine material hardness. These methods were chosen because they are easy to carry out, relatively inexpensive, and almost all sizes and shapes can be tested, in which nickel hardness before and after centrifugal casting are identified and compared. These tests enable the determination of the hardness numbers of nickel collimators using for boron neutron capture therapy. The samples were five nickel plates with a dimension of 4.5 × 4.5 cm and five collimators. The collimators were cylindrical and made using centrifugal casting.
INTRODUCTION
Cancer is a very dangerous disease that can lead to death in humans (Qin et al. 2018; Sarfati et al. 2018) . It is caused by multiple abnormal mutations of genes that lead to a genetic disorder (Hassanpour and Dehghani 2017) . Many medical treatments are used to fight cancer, such as surgery, radioteraphy, chemoteraphy, hormonal therapy, radiation therapy, and immunotherapy (Sudhakar 2009; Lage and Romero 2018) .
In Indonesia, a traditional herbal medicine known as jamu is one example of a traditional method of combating cancer. Jamu is made using plants from the Zingiberaceae family, such as Curcuma, which is used to treat many ailments. Notably, Curcuma longa contains curcumin, which has the potential to prevent and treat cancer (Elfahmi et al. 2014) .
Apart from medical care, there is another form of treatment called boron neutron capture therapy (BNCT). BNCT is a cancer treatment method that uses boron and neutron radiation. Boron is delivered to the cancer cells of the patients followed by thermal neutron radiation. When the neutron beam is captured by boron, it undergoes a nuclear reaction (Romero-Canelón et al. 2015; Kasesaz et al. 2016; Maitz et al. 2017) . The reaction can be written as shown in Equation 1:
10 B captures the neutron and forms 11 B. The nuclear reaction releases an alpha particle and a lithium nucleus (Nedunchezhian et al. 2016) . These particles have a linear energy transfer of 196 keV/m and 162 keV/m, respectively, with track lengths around one cell in diameter. The cancer cells will absorb more boron than the healthy cells, due to their accelerated metabolism. Boron is used because it has a high cross section and is not toxic (Brandao and Campos 2009) . One of BNCT's advantages is that this method has less of an effect on healthy cells (Bilalodin et al. 2017) .
For the purposes of BNCT, the cancer cells need to be irradiated using thermal neutrons, but the neutron beam from the neutron source is mixed, containing fast neutrons, epithermal neutrons, and thermal neutrons (Kondo et al. 2016 ). These fast neutrons should be moderated into epithermal neutrons using a BNCT collimator (Zhu et al. 2018 ). Subsequently, the epithermal neutrons will be moderated again into thermal neutrons when going through the patient's skin (Fantidis and Nicolaou 2018) . Based on the International Atomic Energy Agency's criteria, the minimum epithermal flux for BNCT is 10 9 epithermal neutrons cm -2 s -1 (International Atomic Energy Agency 2001). BNCT collimators consist of a reflector, moderator, collimator, shielding, and filter (Hassanein et al. 2018; Bavarnegin et al. 2017) . Mujiyono et al. (2018) manufactured a BNCT collimator from nickel using centrifugal casting. Casting is a manufacturing method to produce a metal material, and centrifugal casting is a casting method that uses centrifugal force from the rotating mould (Iqbal et al. 2014; Ebhota et al. 2016) .
Hardness is the resistance of a material to mechanical deformation (Aydemir et al. 2011) . In this research, the collimator was tested for its hardness using Rockwell hardness testing and Brinell hardness testing. Rockwell hard- ness testing is an indentation hardness test (Low 2001) , which is widely used for metal product testing (Song et al. 1998) . ASTM International and the International Organization for Standardization defined over 30 Rockwell hardness scale. The properties of the material being tested determines which Rockwell hardness scale should be used (Low and Machado 2018) . For a nickel material, a Rockwell hardness scale B is used. Table 1 shows the list of the Rockwell hardness scale. The Rockwell hardness test is performed by applying a preliminary test force with an indentor to on the sample. The sample will be indented, and the depth of indentation is measured. Then, the indentor force is increased and applied to the sample. The final depth from the second indention is measured. The difference between the first and second indentation depths will determine the Rockwell hardness value (ASTM International 2017).
The Brinell hardness test, meanwhile, is performed by applying force with an indentor on the surface of sample. The force is applied in a specified time so the material will reach its final deformation. The Brinell hardness value will be calculated from the diameter of indentation in the surface of the object (Barajas et al. 2017; Gyurkó and Borosnyói 2015) .
MATERIALS AND METHODS

Samples/objects to be tested
The material tested in this study was a BNCT collimator and nickel (Ni) metal. Five collimators and five nickel metal pieces in total were tested. Specifically, the number of samples for each material used in the test were as follows: five nickel metal plates before becoming a collimator, and collimator numbers 3, 6, 8, 10, and 12. The dimensions of each collimator sample is shown in Table 2 . The design of the collimators that were tested is shown in Figure 1 .
The data taken in this study include test data from Rockwell and Brinell testing. Furthermore, data comparisons between pure nickel metal samples and nickel collimators were made to analyze the relationship between the data obtained.
Hardness testing of nickel plate
Hardness testing was carried out using two different hardness tests, namely Brinell and Rockwell tests. Brinell hardness testing took place under the following conditions: the scale of testing was BHN, the indentor type was 5 mm in diameter, and the pressure load was 750 kg.
The Brinell test was carried out three times on the samples and its randomly indented. The results of the nickel Brinell hardness test were later converted into Rockwell yield calculations. Brinell hardness testing is shown in Figure 2 .
From the Brinell hardness test, the diameter of the indentation trace was 2.3 mm. From this result, we can determine the Brinell hardness value using Equation 2 (Awotunde et al. 2014) .
where P is the force applied by the indentor (kg), D is the diameter of the indentor (mm), and d is the diameter of the indented sample (mm). Next, the Brinell hardness values were converted to Rockwell hardness scale B.
Hardness testing of collimators
The Rockwell hardness test was carried out on five nickel collimators, under the following conditions: the test scale was B (HRB), the indentor type was Ball, 1/16" diameter, and the load emphasis was 981 N. In this study, the Rockwell hardness test was carried out five times on the nickel collimators and was randomly indented (Figure 3 ).
RESULTS AND DISCUSSION
Using Equation 2, the Brinell hardness number was obtained and listed as shown in Table 3 .
Data from the Brinell test results on nickel metal showed the results of 168.53 BHN and were converted to Rockwell hardness numbers. The Rockwell hardness obtained showed the result of 86.13 HRB. The Rockwell hardness numbers for the collimators are shown in Table 4 .
Collimator numbers 3, 6, 8, 10 , and 12 are referred to as samples A, B, C, D, and E, respectively. The Data from the Rockwell hardness test on the nickel plates before the centrifugal casting process was 86.13 HRB and the mean results of the collimator hardness test after the centrifugal casting process on the Rockwell hardness test were 61.48 HRB. Thus, the centrifugal casting process affects the hardness of nickel collimators.
The data obtained from the Rockwell hardness testing on the nickel collimators showed that the average hardness decreased compared with the pure nickel metal. In collimators A, B, C, and E, the average hardness results showed a decrease compared with the pure nickel metal hardness. The highest value was only seen in collimator D, with an average number of 90.92 HRB.
The rolling process of nickel metal material used for collimators affects the hardness of the collimator, because during the rolling process, the nickel metal material will experience strain hardening on the metal material plate. During the centrifugal casting stage, the hardness of the collimator will decrease compared with the hardness of the nickel metal, because the hardness of nickel metal material returns evenly or as before.
The decrease in hardness can occur because the rotation of the centrifugal casting process is still considered to be less than the standard, which results in air being trapped in the collimator. In addition to the aforementioned factors, the decrease in density can also occur due to the cooling process when the centrifugal casting takes place quickly. Because the longer the rounds are carried out, the more material the resulting meeting will be, the more perfect the resulting hardness will be.
CONCLUSIONS
The results of this study showed that the centrifugal casting process carried out on nickel metal material causes a decrease in collimator hardness. 
